• Mitochondrial dysfunction in aged mtDNA-mutator mice is associated with activation of mechanistic target of rapamycin and suppression of autophagy in erythroid cells.
Introduction
Myelodysplastic syndromes (MDS) encompass a group of clonal stem cell disorders characterized by ineffective hematopoiesis with dysplastic changes that lead to cytopenias (often including a macrocytic anemia) and increased risk of transformation to AML. Although recent studies have identified several recurrent mutations in patients with MDS, 1 these mutations alone do not recapitulate the complete MDS phenotype in mice, 2 suggesting that additional pathways are dysregulated in patients with MDS. Several lines of evidence, including the similarity between the progressive macrocytic anemia that develops in mitochondrial DNA (mtDNA)-mutator mice and that observed in patients with MDS, suggest that mitochondrial dysfunction contributes to the pathogenesis of MDS. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] The mtDNA-mutator (PolgA mt/mt ) mice are homozygous for a D257A mutation that inactivates the proofreading function of the nuclear DNA-encoded mitochondrial polymerase, PolgA. 17, 18 The proofreading defect in PolgA mt/mt mice results in mtDNA mutation frequencies that are ;10-fold higher than normal in multiple tissues and a progressive decline in respiratory function of mtDNA-encoded complexes that is evident by 3 months of age. 17, 18 In addition to developing macrocytic anemia and erythroid dysplasia similar to that observed in patients with MDS, 4 mtDNA-mutator mice also show an accelerated onset of other ageing-associated disorders, including cardiomyopathy, diabetes, alopecia, and osteoporosis. 17, 18 The spectrum of diseases that develops in mtDNA-mutator mice makes these animals a useful model for investigating the pathophysiology of diseases associated with an increased burden of somatic mtDNA mutations.
Mitochondrial quality control involves cycles of fusion, fission, and autophagy-mediated degradation of depolarized fragments of the organelle. 19 Autophagy is a catabolic process through which damaged or superfluous organelles and long-lived or misfolded proteins are sequestered within double membrane-bound vesicles known as autophagosomes, delivered to lysosomes, and therein degraded. 20 This process helps to replenish pools of free amino acids and other metabolites recycled from breakdown products and is essential for survival under starvation conditions. 21 The molecular basis of autophagy has been well-characterized using autophagy-defective mutant yeast strains and is carried out by more than 30 autophagy-related (ATG) proteins that are conserved from yeast to mammals. 22 Canonical autophagy relies on 2 ubiquitin-like conjugation pathways, which are involved in conjugating ATG8/microtubule-associated protein 1 light chain 3 (LC3) to phosphatidylethanolamine, and ATG5 to ATG12. Both pathways require the E1-like activity of ATG7. 20 The serine-threonine kinase ATG1/uncoordinated 51-like kinase (ULK) 1 facilitates conventional autophagy 23 but also serves as an essential trigger for an alternative (ATG5/ATG7-independent) form of autophagy that promotes clearance of mitochondria during terminal stages of erythroid maturation. 21, 24, 25 Disrupting autophagy in mice leads to the accumulation of abnormal mitochondria in many cell types. 3 Interestingly, conditional disruption of autophagy in murine hematopoietic stem cells (HSCs) leads to the accumulation of abnormal mitochondria in stem/progenitor cells and the development of an MDS-like phenotype characterized by bone marrow failure and an atypical myelomonocytic infiltrate in peripheral organs. 26 Autophagy is clearly involved in eliminating depolarized mitochondria 27 and mitochondria with mtDNA mutations from cells maintained in culture 28, 29 ; yet, the role of autophagy in eliminating mitochondria with mtDNA mutations in vivo has not been established. Moreover, the propagation of mitochondria harboring mtDNA mutations in patients with primary or age-related mitochondrial diseases (eg, MDS) suggests that mitochondria harboring mtDNA mutations may not be efficiently eliminated in vivo. Therefore, we exploited the progressive accumulation of mtDNA mutations in mtDNA-mutator mice to evaluate the relationship between autophagy and mtDNA mutation-associated mitochondrial dysfunction in erythroid cells in vivo. 
Materials and methods

Mice
Results
Defective clearance of mitochondria and ribosomes during the terminal stages of erythroid maturation in mtDNA-mutator mice Committed erythroid progenitors typically undergo several rounds of mitotic cell division as the cells progress through several morpholgically and immunophenotypically distinct stages of differentiation prior to enucleation and subsequent loss of remaining organelles (supplemental Figure 1A) . 32 During our characterization of erythropoiesis in mtDNA-mutator (PolgA mt/mt ) mice, we observed an age-dependent accumulation of cells at the pre-colony forming unit erythroid (CFUE) stage in bone marrow of PolgA mt/mt mice (supplemental Figure 1B-F) , consistent with previously published results. 33 The immunophenotypic shift in early erythroid progenitors was recapitulated in phlebotomized 34 PolgA mt/mt mice (supplemental Figure 1G ). Although suggesting a block in differentiation, the relationship between the accumulation of cells at the PreCFUE stage and the macrocytic anemia that develops in aged mtDNA-mutator mice remains unclear. To address this gap in knowledge, we characterized the progression of erythroid cells through subsequent stages of differentiation in mtDNA-mutator mice.
Despite the apparent block in differentiation at the PreCFUE stage, we did not observe any significant differences between wildtype and mtDNA-mutator mice in the number of cells expressing the erythroid-specific cell-surface marker Ter119 within the bone marrow (supplemental Figure 1H-I) . Nor did we detect any significant changes in the distribution of Ter119 1 cells at different stages of maturation based on CD71 expression and forward scatter (supplemental Figure 1J ). There was, however, a progressive, age-dependent increase in the number of circulating reticulocytes and of atypical red blood cells (RBCs) that had lost surface CD71 expression but retained polarized mitochondria that took up the fluorescent dye tetramethylrhodamine (TMRM) ( Figure 1A-B) . This abnormal pattern of reticulocyte maturation in the PB was not observed in wild-type animals ( Figure 1A-B) .
To minimize the differences in the reticulocyte-maturation profile that may be caused by the increased level of extramedullary stress erythropoiesis in PolgA mt/mt mice at steady state, 4 PolgA mt/mt and wild-type littermates were subjected to a 5-day phlebotomy protocol. 34 FACS analyses performed on PB samples collected on days 1, 3, 5, and 7 postphlebotomy allowed us to monitor the maturation profile of PB erythrocytes in vivo and highlighted a profound defect in mitochondrial clearance in PolgA mt/mt animals ( Figure 1C-D) . Confocal microscopy of PB collected 5 days postphlebotomy and stained with MitoTracker Green (MG) and TMRM confirmed that polarized mitochondria were retained in the RBCs of PolgA mt/mt animals ( Figure 1E ). Light microscopy of sorted circulating erythroid populations and FACS analyses of Hoechst-stained PB collected 5 days postphlebotomy confirmed that the erythroid cells that retained mitochondria were enucleated and contained no appreciable amounts of DNA (supplemental Figure 2A-E) . The retention of mitochondria decreases the life span of RBCs 35 ; therefore, this defect may contribute to the age-dependent anemia in mtDNA-mutator mice.
We next sought to determine whether the defect in clearance was specific for mitochondria or also affected ribosomes. Thiazole orange is commonly used to distinguish reticulocytes from mature RBCs because it stains the residual ribosome-associated RNA in reticulocytes and can, therefore, serve as a surrogate marker of ribosomal content in cells lacking nuclei. 36 Thiazole orange staining was examined in PB erythroid cells staged based on CD71 expression at various time points after phlebotomy. The increased thiazole orange staining in RBCs of phlebotomized PolgA mt/mt animals ( Figure 1F ) was consistent with defective clearance of ribosomes. (Figure 2A ). Increased mtDNA mutation frequency can lead to inefficient production of the mtDNA-encoded oxidative phosphorylation (OXPHOS) components, with improper assembly and destabilization of 1 or more of the 4 OXPHOS complexes containing mtDNAencoded subunits. Consistent with the accumulation of mtDNA mutations in the mtDNA-mutator mice, we observed an age-dependent decrease in steady-state levels of labile components of complex I (CI) and complex IV (CIV) in extracts from spleens of mtDNA-mutator mice ( Figure 2B -C). The decline in steady-state levels of CIV components in spleens from old mtDNA-mutator mice was accompanied by a significant reduction in the ratio of CIV activity to that of citrate synthase (CS; a reliable indicator of intact mitochondria 37 ) ( Figure 2D ). CIV is particularly sensitive to mutations in mtDNA because its 3 large catalytic subunits are encoded by mtDNA. We also detected lower CIV activity levels in Ter119 1 cells isolated from phlebotomized PolgA mt/mt mice than in those from wild-type mice 0 ( Figure 2E) , with an accompanying reduction in cellular adenosine triphosphate (ATP) levels ( Figure 2F ). These findings indicated that the progressive defect in reticulocyte maturation in mtDNA-mutator mice was associated with accumulation of mtDNA mutations and dysfunctional, but polarized, mitochondria in Ter119 1 erythroid cells. We speculate that the F1-ATPase and adenine nucleotide translocator may contribute to maintenance of mitochondrial membrane potential in Ter119 1 erythroid cells harboring mtDNA mutations, as they do in r°cells depleted of mtDNA. 38 Increased expression of genes involved in oxidative phosphorylation and translation in PolgA mt/mt erythroid cells with mitochondrial dysfunction
To gain more insight into the molecular basis of the defect in clearance of mitochondria and ribosomes from RBCs in mtDNAmutator mice, we compared gene-expression profiles in Ter119 1 erythroid cells from the bone marrow of phlebotomized wild-type (n 5 2) and PolgA mt/mt (n 5 3) littermates. A 1.5-fold threshold was used to identify differentially expressed genes in wild-type and PolgA mt/mt cells (supplemental Table 1 ). The gene set was submitted for Ingenuity Pathway Analysis (supplemental Tables 2 and 3) , gene ontology analysis (supplemental Table 4 ), and gene set-enrichment analysis (supplemental Table 5 ). 39 Erythroid progenitors from mtDNA-mutator mice showed significant upregulation of gene sets related to ribosomal proteins, translation, and OXPHOS, as well as gene sets comprising v-myc avian myelocytomatosis viral oncogene homolog (Myc) targets 40 and RNAs that are translationally regulated by serum and rapamycin (ie, those regulated by mechanistic target of rapamycin [mTOR] 41 ) ( Figure 3A -C). Myc promotes oxidative phosphorylation by regulating transcription of nuclear DNA-encoded genes involved in OXPHOS. 42 By phosphorylating and inhibiting eukaryotic translation initiation factor 4E-binding proteins (4EBPs), mTOR increases the translation of an overlapping cohort of nucleusencoded mitochondria-related genes (ie, CII-succinate dehydrogenase complex, subunit B [SDHB]). 43 The phosphorylation of 4EBP1 and p70S6K by mTOR also promotes the translation of genes encoding ribosomal subunits, many of which are regulated at the transcriptional level by Myc (ie, RPS19 and RPL5). 44 Therefore, the increase in mTOR activity may represent 1 component of a compensatory mechanism aimed at increasing mitochondrial activity and translation in erythroid cells from PolgA mt/mt mice. In addition to regulating translation and mitochondrial activity, mTOR activation suppresses autophagy by phosphorylating and inhibiting ULK1. 45, 46 To explore the possibility that activation of mTOR in erythroid cells of mtDNA-mutator mice may contribute to the defect in clearance of mitochondria and ribosomes from RBCs, we examined mTOR activity, autophagy, and mitochondrial content in erythroid cells at different stages of maturation. We detected increased levels of phosphorylated 4EBP1 by immunofluorescence confocal microscopy in early erythroid progenitors (eg, P1 1 PreCFUE) sorted from phlebotomized wild-type and mtDNA-mutator mice ( Figure 4A,C) , consistent with an increase in mTOR activity. We also observed a decrease in the number of LC3
1 puncta (eg, autophagosomes) in early erythroid progenitors ( Figure 4B ,D). Although we did not observe a difference in MG staining in early erythroid progenitors from phlebotomized wild-type and mtDNA-mutator mice ( Figure 4E , left), there was a relative increase in mitochondrial content in erythroid cells from mtDNA-mutator mice at the next stage of maturation (eg, Ter119 1 population "A") ( Figure 4E , right). Given the dynamic nature of erythroid differentiation, where there is a rapid and dramatic reduction in cell size and mitochondrial content because of cell divisions with shortened G1 phase, 47 it is possible that the increase in mitochondrial content resulting from reduced flux through the autophagy pathway represents only a small proportion of the total mitochondrial content in early progenitors and therefore is only apparent after the cell divisionassociated reduction in mitochondrial mass ( Figure 4F ).
Within the Ter119 1 erythroid cell population isolated from phlebotomized animals, we detected increased levels of phosphorylated 4EBP1 by immunofluorescence confocal microscopy in Ter119 1 population A cells (supplemental Figure 3A ,C). Although we did not detect increased levels of phosphorylated 4EBP1 in Ter119 1 population B cells (supplemental Figure 3B-C) , we observed a significant (P , .05) increase in phosphorylation of ribosomal protein S6 in those cells ( Figure 5A-B) . In vitro translation assays using wholecell extracts prepared from Ter119 1 erythroid cells or population B
showed marked increases in the translation of a 15-kDa protein predicted Table 5 . Enrichment plots and heat maps for the top 20 genes contributing to the enrichment scores for 3 selected gene sets are shown in panels A and B, respectively. A diagram of established interactions (physical, biochemical, and regulatory) among these 60 genes was generated by using ConsensusPathDB (induced network model) maintained by the Max Plank Institute and is shown in panel C.
to be hemoglobin subunit a (Figure 5C-D) . These results indicate that mTOR activity is increased in Ter119 1 erythroid cells, but that the substrate specificity may vary depending on the maturation stage.
We also detected lower levels of conversion of soluble LC3I to lipid-bound LC3II in Ter119
1 population B cells from PolgA mt/mt mice. The increase in mTOR activity and decrease in LC3 conversion We speculate that the increase in mitochondrial mass in Ter119 1 population "A" results from the defect in autophagy in early erythroid progenitors.
BLOOD in Ter119 1 population B was associated with an increase in steadystate levels of P62 and mitochondrial content at the subsequent stage of erythroid maturation (eg, Ter119
P62 is an ubiquitin-binding scaffold protein that is degraded by autophagy and accumulates when autophagy is inhibited 48, 49 ; therefore, the decreased LC3 conversion and accumulation of P62 and mitochondria are consistent with a defect in autophagy in mature RBCs from mtDNA-mutator mice. Figure 4E -F) and suppression of autophagy (supplemental Figure 4G -I), which were not detected in primary MEFs (supplemental Figure 4F-I) . Similarly, the decline in mitochondrial function detected in the spleens of old mtDNA-mutator mice ( Figure 2B-D) was accompanied by higher levels of mTOR activity, as evidenced by the increase in 4EBP phosphorylation ( Figure 6A -B) and higher levels of ribosomal subunits (Figure 6C-D) . The corresponding increase in steady-state levels of P62 ( Figure 6E-F) was consistent with a defect in autophagy. We also observed increased levels of P62 in kidneys and hearts (supplemental Figure 4I -J) from old (12 months of age) PolgA mt/mt mice but not in those organs from younger (2 to 4 months of age) animals. Together, these results demonstrate that the accumulation of somatic mtDNA mutations and associated defects in mitochondrial respiration may lead to the aberrant activation of mTOR and suppress flux through the autophagy pathway in both erythroid and nonerythroid cells.
Suppression of autophagy in
Activation of mTOR in
PolgA mt/mt mice facilitates proteasome-mediated degradation of ULK1 in a cell-type-specific manner
We observed increased levels of serine 757-phosphorylated ULK1 in transformed PolgA mt/mt MEFs and old PolgA mt/mt hearts (supplemental Figure 4K) , consistent with mTOR activation suppressing autophagy by phosphorylating ULK1 at serine residue 757 and inhibiting its autophagy-inducing function. 46 By contrast, mTOR activation in the spleens of old mtDNA-mutator mice was accompanied by an unexpected decrease in ULK1 levels ( Figure 6E,G) . The difference in steady-state levels of ULK1 protein between wild-type and mtDNA-mutator mice was also observed in the spleens of phlebotomized mice (supplemental Figure 5A) , in which Ter119 1 erythroid cells account for .40% of cellularity (supplemental Figure 5C ), and in Ter119 1 cells isolated from the bone marrow of phlebotomized mice ( Figure 6H-I) . The loss of ULK1 protein in phlebotomized spleens could not be fully accounted for by the reduction in ULK1 messenger RNA (supplemental Figure 5B) , raising the possibility of altered posttranscriptional regulation of ULK1 in splenocytes and erythroid cells with mtDNA mutationassociated mitochondrial dysfunction.
To gain insight into the mechanism(s) responsible for the loss of ULK1 protein in PolgA mt/mt cells, we treated splenocytes isolated from old mtDNA-mutator mice with various drugs targeting lysosomes (eg, bafilomycin A1), proteasomes (eg, MG132), and mTOR signaling (eg, Torin1, rapamycin). Although these drugs had minimal effects on ULK1 protein levels in wild-type splenocytes (supplemental Figure 5D ), treating PolgA mt/mt splenocytes with MG132 resulted in ULK1 being restored to a level similar to that in wild-type cells (supplemental Figure 5D and Figure 6J ), consistent with proteasomedependent degradation of ULK1. Treatment of PolgA mt/mt splenocytes with Torin1 or rapamycin also restored ULK1 levels to varying degrees and suppressed phosphorylation of ULK1 at serine 757 ( Figure 6J) , suggesting that the aberrant activation of mTOR contributes to proteasome-mediated degradation of ULK1, at least in certain cell types.
ULK1-deficiency results in RBC macrocytosis and a defect in clearance of organelles from reticulocytes 21 that can be recapitulated in lethally irradiated wild-type animals by adoptive transfer of ULK1-deficient bone marrow cells (supplemental Figure 6A-E) . Therefore, the aberrant activation of mTOR in PolgA mt/mt erythroid progenitors with dysfunctional mitochondria and associated loss of ULK1 in erythroid cells may contribute to the defect in clearance of mitochondria and ribosomes in RBCs and the development of macrocytic anemia in old mtDNA-mutator mice.
Disrupting autophagy in PolgA mt/mt erythroid progenitors accelerates the onset and progression of anemia During the course of our studies examining autophagy and mitochondrial content in erythroid cells, a few studies suggested that autophagy was not suppressed in young mtDNA-mutator mice as it was in older mice. For example, we did not detect any significant retention of mitochondria in PolgA mt/mt circulating RBCs until after 4 months of age ( Figure 1B) . Indeed, there was no significant difference in mitochondrial content in bone marrow-derived cells from young (2-to 4-month-old) wild-type or mtDNA-mutator mice at any stage of erythroid maturation (supplemental Figure 7A) . Additionally, we detected more LC3 1 puncta (eg, autophagosomes) in early erythroid progenitors isolated from young (2-to 4-month-old) mtDNA-mutator mice than from wild-type littermates (supplemental Figure 7B) , in contrast to the decrease in LC3 1 puncta observed in early progenitors from phlebotomized mtDNA-mutator mice ( Figure 4B,D) . These findings raised the possibility that autophagy may be induced in cells from young mtDNA-mutator mice. Because autophagy can reduce the mtDNA-mutation burden in cultured cells containing a mixture of normal and mutated mtDNA, 28, 29 we used a genetic approach to investigate the in vivo consequence of inhibiting autophagy on mitochondrial function and disease progression in mtDNA-mutator mice.
Although Ulk1 alone is overexpressed during terminal stages of murine erythroid differentiation, both Ulk1 and Ulk2 are expressed at comparable levels in early erythroid progenitors (supplemental Figure 8) . Because ULK1 and ULK2 share overlapping functions in regulating autophagy, 50 we decided to target the expression of Atg7, a nonredundant E1-like enzyme, which is essential for autophagosome biogenesis via the canonical pathway 20 and expressed in erythroid progenitors (supplemental Figure 8) . Therefore, to disrupt autophagy in erythroid progenitors in wild-type and mtDNAmutator mice, we interbred PolgA wt/mt17 with Atg7 flox/flox31 and Epor wt/GFPCre30 mice. Epor GFPCre is selectively expressed in early erythroid progenitors 30 beginning at the PreCFUE stage (supplemental Figure 9A-D) .
We observed the appropriate cell-type-specific appearance of the Atg7 knockout allele in Ter119 1 erythroid cells from the bone marrow and spleens (supplemental Figure 9E ) of mice expressing Epo
GFPCre
, and a corresponding reduction in the expression of Atg7 Figure 9F-G) . In contrast to the adverse effects of deleting Atg7 in HSCs, 51 selectively deleting Atg7 in erythroid progenitors of otherwise normal mice caused no significant decrease in morbidity/mortality ( Figure 7A ) relative to wildtype littermates. We detected a small, albeit statistically significant (P , .02), difference in hemoglobin levels between wild-type (13.7 1 0.1 g/dL) and Atg7 flox/flox EpoR 1/GFPCre (13.1 1 0.2 g/dL) mice at 4 months of age ( Figure 7 and supplemental Table 6 ); however, this minimal difference did not persist as the animals aged ( Figure 7 ) and was not accompanied by a significant difference in spleen weights in 8-month-old animals (supplemental Figure 9H , compare "W" and "A"). Autophagy-mediated clearance of mitochondria from reticulocytes in adult mice relies primarily on a ULK1-dependent, Atg5/7-independent (noncanonical) autophagy pathway.
21,25,52
Therefore, it was not surprising that deleting Atg7 from wild-type erythroid progenitors did not affect the ability of reticulocytes to eliminate mitochondria in vivo at baseline (Figure 7E-F) and only minimally affected reticulocyte maturation after phlebotomy (supplemental Figure 10A-C) . Of note, disrupting Atg7 expression in erythroid progenitors of otherwise wild-type mice did not significantly affect CIV activity (relative to CS activity), ATP levels, mtDNA copy number, or oxygen consumption ( Figure 7G -J) in Ter119 1 erythroid cells.
In contrast, deleting Atg7 from PolgA mt/mt erythroid progenitors accelerated the onset of macrocytic anemia and morbidity of mtDNA-mutator mice (Figure 7A-D) . The spleens of 8-month-old Atg7-deleted mtDNA-mutator mice were comparable in size to PolgA mt/mt littermates (supplemental Figure 9H) , whereas the femurs from 11-month-old Atg7-deleted mtDNA-mutator mice had greater pallor ( Figure 7B , arrow) than did those of littermate controls, including PolgA mt/mt mice. Erythroid-specific deletion of Atg7 in PolgA mt/mt mice resulted in a more severe defect in the clearance of mitochondria during reticulocyte maturation in PB than in PolgA mt/mt mice ( Figure 7E-F) and was accompanied by worsening For personal use only. on April 12, 2017 . by guest www.bloodjournal.org From of mitochondrial function ( Figure 7G-J) . Specifically, we observed a significant decline in the CIV:CS ratio ( Figure 7G ), ATP levels ( Figure 7H ), and oxygen consumption ( Figure 7I ) after Atg7 deletion in PolgA mt/mt mice. The decline in oxygen consumption was accompanied by an increase in mtDNA copy number ( Figure 7J ), further highlighting the degree of mitochondrial dysfunction resulting from the deletion of Atg7 in mtDNA-mutator mice. The increased phosphorylated S6 levels detected in Ter119 1 erythroid cells from PolgA mt/mt mice were also observed in Atg7-deleted PolgA mt/mt mice (supplemental Figure 9I) . Together, these data indicate that Atg7 helps to maintain mitochondrial function in erythroid cells harboring mtDNA mutations.
Discussion
Herein we establish that the canonical Atg7-dependent autophagy pathway plays an important role in maintaining mitochondrial function in vivo in erythroid cells harboring mtDNA mutations and delays the onset of anemia in mtDNA-mutator mice. We also demonstrate that the progressive increase in mtDNA-mutation frequency and mitochondrial dysfunction driven by the targeted disruption of PolgA proofreading activity in HSCs of mtDNAmutator mice eventually leads to a paradoxical increase in mTOR activity and suppression of the mito-protective autophagy response in early erythroid progenitors. The aberrant activation of mTOR in erythroid cells also contributes to proteasome-mediated degradation of ULK1. ULK1 deficiency causes RBC macrocytosis and a defect in clearance of mitochondria, 21 which can reduce the life span of RBCs. 35 Therefore, our results suggest that the aberrant activation of mTOR in differentiating erythroid cells contributes the development of macrocytic anemia in mtDNA-mutator mice by suppressing the mito-protective autophagy response in early erythroid progenitors and the clearance of mitochondria in mature RBCs.
The findings described in this manuscript are significant for several reasons. First, we provide definitive evidence that autophagy helps to maintain mitochondrial function in cells with mtDNA mutations in vivo. Because promoting autophagy reduces the mtDNA-mutation burden in human cytoplasmic hybrid cell lines carrying pathogenic mtDNA mutations, 28, 29 autophagy most likely maintains mitochondrial function by facilitating the removal of the most dysfunctional components of the mitochondrial network in mtDNA-mutator mice, at least before mTOR is upregulated and a feedback loop that suppresses autophagy is initiated (supplemental Figure 11) . These findings provide scientific rationale for examining the efficacy of autophagyinducing drugs in improving mitochondrial function in animal models and patients with heteroplasmic mtDNA mutations.
Our studies also highlight the paradoxical activation of mTOR and suppression of autophagy in multiple cell types with mtDNA mutations and associated defects in mitochondrial respiration. The activation of mTOR in cells with mitochondrial respiratory defects is paradoxical because the associated reduction in cellular ATP levels is predicted to activate the energy-sensing adenosine 59-monophosphateactivated protein kinase, which coordinates the suppression of anabolic pathways (including mTOR-mediated cell growth) and upregulation of catabolic pathways (including autophagy) in response to ATP depletion. Yet, the activation of mTOR in cells with mitochondrial dysfunction is not unique to the mtDNA-mutator mouse model. For example, mTOR signaling is increased in Ndufs4 2/2 mice, which have a defect in the assembly of complex I of the mitochondrial electron transport chain. 53 Pharmacologic inhibition of mTOR alleviates many symptoms associated with NADH dehydrogenase (ubiquinone) Fe-S protein 4 deficiency, 53 supporting the notion that excessive mTOR activation contributes to the pathogenesis of diseases associated with mitochondrial dysfunction. Increased mTOR signaling also shortens the life span of yeast mutants with various mitochondrial defects, suggesting that this adaptive (or maladaptive) response may be evolutionarily conserved. 54, 55 Although increased mTOR signaling may initially help boost cellular respiratory capacity and maintain hemoglobin production in erythroid cells with dysfunctional mitochondria, excessive mTOR activity may ultimately accelerate the decline in mitochondrial function and onset of mtDNA mutation-associated morbidity and mortality by handicapping one of the cells' major quality-control pathways (supplemental Figure 11) . Therefore, elucidating the mechanism by which mTOR activity becomes uncoupled from signals associated with low energy stores in cells with mitochondrial respiratory defects may reveal new therapeutic strategies for treating patients with mitochondrial disorders.
Finally, our findings may be relevant for patients with MDS. Ultrastructural studies have shown increased numbers of autophagosomes and lysosomes containing mitochondria in early erythroblasts of patients with low-risk MDS and enlarged, abnormal mitochondria with iron accumulation in patients with high-risk disease and transfusion dependency. 56 These observations indicate an inverse correlation between the presence of autophagosomes and the accumulation of abnormal mitochondria in patients with MDS. Because autophagy plays a role in mitochondrial quality control in erythroid progenitors with mtDNA mutations, the autophagy in patients with low-risk MDS may represent an appropriate response to low levels of mtDNA mutations that arise with age. In patients with high-risk MDS, mTOR and its downstream targets are activated. 57 It is possible that activation of mTOR in HSCs (eg, from mutations in the phosphatase and tensin homolog/v-akt murine thymoma viral oncogene homolog pathway) suppresses autophagy in HSCs and progenitors and facilitates the accumulation of abnormal mitochondria in progenitors, either of which may lead to MDS-like symptoms. 3, 4, 26 However, in light of our findings, it is also possible that mitochondrial dysfunction (beyond a certain threshold) in HSCs leads to the activation of mTOR and suppression of autophagy in progenitor cells, at least in those patients without a genetic cause for mTOR activation (ie, loss of phosphatase and tensin homolog). Results from a small clinical trial suggest that rapamycin (sirolimus) has activity in a subset of patients with more advanced MDS. 58 By inhibiting the uncoupled mTOR response and activating autophagy in erythroid progenitors, rapamycin may mitigate symptoms by inhibiting the vicious cycle of mitochondrial dysfunction and mTOR activation in patients with MDS.
